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Abstract: F1 heterozygotes are traditionally generated by crossing homozygous parental lines. The opposite is achieved through reverse breeding, in which parental lines are generated from a heterozygote. Reverse breeding can be used to develop new F1 hybrid varieties without having prior access to homozygous breeding lines. For successful reverse breeding, the heterozygotes' homologous chromosomes must be divided over two haploid complements, which is achieved by suppression of meiotic crossover (CO) recombination. We here show two innovations that facilitate efficient reverse breeding. Firstly, we demonstrate that downregulation of CO rates can be accomplished using virus-induced gene silencing (VIGS). We obtain transgene-free parental lines for a heterozygote in just two generations. Secondly, we show that incomplete CO suppression opens up several alternative strategies for the preservation of hybrid phenotypes through reverse breeding.
Main text: Heterozygous F1 hybrids are among the highest producing crop varieties 1 and result from intercrossing homozygous parental lines. Existing hybrids are usually further improved through the introgression of new alleles into their parental lines. In an alternative approach, large numbers of new and potentially better heterozygous genotypes could be generated in outcrossing populations, for example by intercrossing different commercially available heterotic hybrids and selecting the best performing heterozygotes in their offspring. However, this potential is rarely, if ever exploited, because unique heterozygotes selected from outcrossing populations cannot be maintained: when they set seed, their unique allele combinations are lost through meiotic recombination. This restriction can be overcome by reverse breeding, in which new parental lines for any heterozygote can be post-hoc generated from the selected heterozygote itself 2, 3 (Fig. 1) . By obtaining its parental lines, a heterozygote can be recreated as F1 hybrid. The suppression of CO formation enriches for the segregation of nonrecombinant chromosomes to gametes, but complete CO suppression is not essential.
Gametes carrying exclusively non-recombinant chromosomes will occasionally be formed in wild-type meiosis (see fig. 1 ). Reduced fertility was typically observed for three to four days on flowers, after which the plants reverted to a wild-type phenotype, exhibiting viable pollen and long siliques.
To evaluate the feasibility of breeding with gametes resulting from VIGSmediated reduction of recombination, we inoculated an F1 (Landsberg erecta x Columbia) with TRV2-AtMSH5. Once the flowers showed a high fraction of aborted pollen, they were crossed to GFP-tailswap, a haploid inducer line for Arabidopsis 10 .
7 For the exact recreation of a heterozygous genotype, complementing DH 0 are required, but in practice the recreation of the hybrid phenotype will be the ultimate goal.
The use of a DH 1 (i.e. a DH with one recombinant chromosome) in a cross to recreate a hybrid, leads to a decrease of heterozygosity (hereafter DOH) in the reconstituted hybrid distal to the CO position (Fig. 1) . We hypothesized that only in case DOH negatively affects the hybrid phenotype, it is of concern for reverse breeding. In our offspring we The phenotypic impact of DOH can be explored experimentally. We therefore intercrossed DH lines to create near-full hybrids with increasing levels of DOH ranging from 1.28% -32.1% (Supplementary fig. 3 ). These were grown together with the starting heterozygote and full hybrids (recreated heterozygotes) and compared standard growth parameters: flowering time, main stem length, rosette diameter and dry weight at flowering time. No significant differences were found between the starting hybrid and the full hybrids (one-way ANOVA; FT p-value = 0.3015; MSL p-value = 0.9347; RD p-value = 0.8655; DW p-value = 0.2697; Fig. 2B; Supplementary fig. 3 ). Also, no significant differences between the full hybrid and the near-full hybrids were found, with the exception of one: a near-full hybrid that has a similar short stem length as one of its parental lines (Fig. 2) , which is likely caused by homozygosity of the main effect erecta locus that is homozygous in this specific hybrid 12 .
These Phenotypical analysis of (near-)full hybrids. At the moment of flowering, flowering time (FT) was recorded and main stem length (MSL), rosette diameter (RD) and dry weight (DW) were measured for each plant. Phenotypic data was corrected for spatial trends and block effects with the SpATS R package, and the resulting spatial corrected raw data was used for further analyses. To establish whether the intercrosses of the DH0 resulted in different full hybrids, these were compared with the parental wild-type F1 using one-way ANOVA.
To assess the performance of the NFH in comparison with the FH, a Dunnett test was conducted in which line FH2 was used as a control line.
Cytology. F1 hybrid flower buds were sampled 18 days post-inoculation. The inflorescences were incubated in Carnoy: a 3:1 mix of glacial acetic acid (HAc) and 99,8% EtOH and kept overnight at 4 ºC. inflorescences were then washed twice with 70% EtOH (in water) and stored at 4º C. Meiotic chromosome spreads were made as previously described in Ross et al. (1996) 19 , stained with DAPI and analyzed using a Zeiss microscope equipped with epifluorescence optics.
Calculations of expected frequencies of DH 0 and DH 1 . To calculate the expected number of DH 0 and DH 1 in Supplementary tables 1-6, the expected number of non-recombinant and recombinant chromatids was first determined for one chromosome (i.e. the case in which the haploid chromosome number equals 1). If α is the number of COs per bivalent, then the chance of recovering a non-recombinant chromatid in a spore, and hence the chance of recovering a DH 0 , equals P (DH0) =(1/2) α . The chance of finding a chromatid with one CO (and hence recovering a DH 1 ) equals P (DH1) =α(1/2) α . For higher haploid
